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PHYSIOLOGICAL TOLERANCE MECHANISMS OF SERPENTINE TOLERANT 
PLANTS FROM SERBIA
Dražen D. Vicić1, Milovan M. StoiljkoVić2, Nenad Č. Bojat3,  
Marko S. SaboVljeVić4 & Branka M. SteVanoVić4
RéSuMé.— Mécanismes de tolérance physiologique des plantes tolérantes à la serpentine en Serbie. — 
Les sols de serpentine (sols ultramafiques) constituent des environnements de croissance particulièrement 
stressants pour les plantes en raison du déficit en macronutriments (N, P, K, Ca), de la toxicité des macronu-
triments (Mg ; rapport Mg/Ca extrêmement élevé), de la toxicité des micronutriments (Mn, Fe, Ni, Cu, Zn) et 
de la toxicité d’autres métaux lourds (Al, Cr, Co). En outre, les sols de serpentine sont souvent superficiels, 
rocheux et sujets à la sécheresse. En raison des conditions chimiques et physiques particulièrement défavo-
rables, les sols de serpentine abritent une grande proportion d’espèces végétales endémiques adaptées à leur 
environnement austère. Nous avons analysé les concentrations d’éléments (Ca, Mg, Al, Mn, Fe, Ni, Cu et 
Zn) contenus dans les racines, les tiges et les tissus foliaires des taxons Halacsya sendtneri (Boraginaceae ; 
strictement endémique aux sols de serpentine), Cheilanthes marantae (Pteridaceae ; fortement endémique aux 
sols de serpentine/bon indicateur de serpentine) et Seseli rigidum (Apiaceae ; faible indicateur de serpentine/
indifférent au sol), poussant sur les sols serpentiniques et calcaires de Serbie. Le facteur de bioaccumulation 
d’éléments a été calculé en établissant le rapport entre la concentration d’éléments présents dans les tissus 
foliaires et la concentration d’éléments présents dans les sols et assimilables par les végétaux. Les concen-
trations tissulaires en Ca et Mg des taxons H. sendtneri et S. rigidum indiquent que ces espèces absorbent du 
Ca et le transfèrent dans les feuilles, en fonction du taux de Mg, dans le but de maintenir un rapport Mg/Ca 
adéquat dans les tissus. L’espèce C. marantae n’a présenté aucune absorption et translocation de Ca, mais a 
démontré une séquestration de Mg dans les racines. L’exclusion et la séquestration des métaux lourds étaient 
les principaux mécanismes de tolérance physiologique démontrant une tolérance à la serpentine chez les trois 
espèces. Le taxon S. rigidum a montré des divergences entre les écotypes tolérants à la serpentine et les éco-
types tolérants au calcaire. Ces derniers pourront servir d’espèces modèles pour des études complémentaires 
sur l’adaptation physiologique des taxons aux sols présentant une composition chimique extrême.
SuMMARY.— Serpentine (ultramafic) soils are extremely stressful environments for plant growth due to 
macronutrient deficiency (N, P, K, Ca), macronutrient toxicity (Mg; extremely high Mg:Ca ratio), and micro-
nutrient toxicity (Mn, Fe, Ni, Cu, Zn), as well as toxicity of other heavy metals (Al, Cr, Co). Serpentine soils 
are also often shallow, rocky, and susceptible to drought. As a result of extreme adverse physical and chemical 
conditions, serpentine soils support a high proportion of endemic plant species that are adapted to their harsh 
environment. We analysed root, stem, and leaf tissue element concentrations (Ca, Mg, Al, Mn, Fe, Ni, Cu, 
and Zn) of Halacsya sendtneri (Boraginaceae; strict serpentine endemic), Cheilanthes marantae (Pteridaceae; 
broad serpentine endemic/strong indicator), and Seseli rigidum (Apiaceae; weak serpentine indicator/indif-
ferent) growing on serpentine and limestone in Serbia. Element bioaccumulation factor was calculated as the 
ratio of plant tissue element concentration to soil plant-available element concentration. Tissue concentrations 
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of Ca and Mg for H. sendtneri and S. rigidum indicate that the species selectively uptake and translocate Ca to 
leaves, relative to Mg, to maintain adequate tissue Mg:Ca ratio. C. marantae did not exhibit selective Ca uptake 
or translocation, but did exhibit Mg sequestration in roots. Heavy metal exclusion and sequestration were the 
primary physiological tolerance mechanisms conveying serpentine tolerance in the three species. S. rigidum 
exhibited divergence into serpentine tolerant and limestone tolerant ecotypes, presenting a useful model spe-
cies for further studies of physiological adaptation to chemically extreme soils.
Ultramafic rock (peridotite) is oceanic mantle tectonically emplaced on land along ancient 
continental plate margins (Brooks, 1987). Peridotite may be partially or completely hydrother-
mally altered to serpentinite. Peridotite and serpentinite are collectively referred to as serpen-
tine. Due to the unique mineralogy of serpentine, serpentine soils have extremely chemically 
adverse conditions for plant growth including macronutrient deficiency (N, P, K, Ca), macro-
nutrient toxicity (Mg; extremely high Mg:Ca ratio), and micronutrient toxicity (Mn, Fe, Ni, 
Cu, and Zn), as well as toxicity of other nonessential heavy metals (Al, Cr, Co) (Kruckeberg, 
1984; Brooks, 1987; Alexander et al., 2007; Kazakou et al., 2008). Serpentine soils are typi-
cally very shallow, rocky, and prone to drought. The sparse vegetation on serpentine soils 
results in susceptibility to erosion and high fluctuation in soil temperature. This combination 
of physical, chemical and biotic factors that limits plant growth on serpentine is referred to as 
the “serpentine syndrome” (Kruckeberg, 1984; Brady et al., 2005).
Several physiological adaptations have been identified that appear to be important for 
plant serpentine tolerance. Inherently slow growth rates and high root to shoot biomass ratios 
allow plants to cope with drought and low soil concentrations of plant essential macronutrients 
such as N, P, and K (Kruckeberg, 1984; Alexander et al., 2007; O’Dell & Rajakaruna, 2011). 
Ca is a plant essential macronutrient required in higher concentrations than Mg (Marschner, 
2002). Ca concentrations are typically very low and Mg concentration is typically extremely 
high in serpentine soils (Mg:Ca molar ratio >> 1.0). Ca and Mg compete for uptake at the root. 
The high concentration of Mg relative to Ca in serpentine soils may induce Ca deficiency in 
non-adapted plants. Numerous serpentine tolerant plants have been found to have Ca and Mg 
regulation tolerance mechanisms to cope with the high Mg:Ca mol ratio of serpentine soils 
including: 1) selective Ca uptake at the root and translocation to shoot, 2) Mg exclusion at the 
root, and 3) Mg sequestration at the root (Lyon et al., 1971; Shewry & Peterson, 1975; Wallace 
et al., 1982; Kruckeberg, 1984; O’Dell et al., 2006; O’Dell & Claassen, 2006a, b; Alexander 
et al., 2007; Turner et al., 2010; O’Dell & Rajakaruna, 2011). Physiological regulation of Mg 
and Ca uptake allows the plant to maintain balanced tissue Mg:Ca ratios. 
Heavy metal physiological tolerance mechanisms include 1) metal exclusion at the root, 
2) sequestration to various plant organs, and 3) toxicity tolerance (Baker, 1987; Shaw, 1990; 
Alexander et al., 2007; O’Dell & Rajakaruna, 2011). In some plant species, heavy metals may 
be selectively taken up at the root and translocated to leaves, accumulating to very high concen-
trations (> 1000 μg g-1) in a process called “hyperaccumulation” (Brooks, 1998; O’Dell & 
Rajakaruna, 2011; Van der Ent et al., 2013). The knowledge of plant physiological adaptations 
to serpentine, especially hyperaccumulation, is of particular interest in plant species selection 
for ecosystem restoration and phytoremediation (Salt et al., 1998; Díez Lázaro et al., 2006; 
Barzanti et al., 2011). Serpentine endemic plants are a useful model for ecologists to study evo-
lution and adaptation to extreme edaphic environments (Harrison & Rajakaruna, 2011). 
Extensive areas of serpentine are located on the Balkan Peninsula. These serpentine habi-
tats are important centers of endemism, both as active areas of speciation of neoendemics and 
as refugia for paleoendemics. The obligate serpentine endemic flora of the Balkan Peninsula 
includes taxa from 30 families and 73 genera (Stevanović et al., 2003), suggesting potential 
for a variety of adaptation strategies to serpentine soils (Anacker, 2011; Cecchi & Selvi, 2009). 
Plants found on serpentine are commonly classified into one of three groups based upon their 
affinity to serpentine: strict endemic (exclusively on serpentine), indicator (more often on ser-
pentine than not), and indifferent (bodenvag; equally common on or off serpentine) (Reeves 
et al., 1999; Kazakou et al., 2010; Kay et al., 2011). 
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Little is known about the serpentine tolerance mechanisms of serpentine endemic plants 
from the Balkan region. The aim of this study was to identify physiological tolerance mecha-
nisms of three serpentine tolerant plant species from Serbia including Halacsya sendtneri 
(Boraginaceae; strict endemic), Cheilanthes marantae (Pteridaceae; strong indicator), and 
Seseli rigidum (Apiaceae; weak indicator/indifferent). Root, stem, and leaf tissue samples 
along with a soil sample from the rooting zone were collected from field plants. The samples 
were analysed for concentrations of selected elements, and plant tissue element bioaccumula-
tion factors were calculated to elucidate physiological tolerance mechanisms of the species to 
the extreme chemistry of the substrate. 
MATERIALS AND METHODS
STuDY SPECIES
Halacsya sendtneri (Boiss.) Dörfl. (Boraginaceae) is a low-growing, perennial herb that occurs exclusively on 
rocky serpentine soils (strict endemic). The range of H. sendtneri extends from northern Greece to western Bosnia 
(Cincović & Kojić, 1974; Stevanović, B. et al., 1995 ; Stevanović, V. et al., 2003). Halacsya is a monotypic genus. The 
geographical isolation and relation of H. sendtneri to other members of tribe Lithospermae and family Boraginaceae is of 
substantial study interest to plant ecologists and taxonomists (Thomas et al., 2008; Cecchi & Selvi, 2009; Cecchi et al., 
2011). Biochemists have extensively studied biological compounds in the species (Nićiforović et al., 2010; Mašković et 
al., 2012a, b). Cheilanthes marantae (L.) Domin. (Pteridaceae) is a small fern that often grows in crevices of serpentine 
rock outcrops (strong indicator). The range of C. marantae extends from Portugal in the west to the Himalayas in the 
east (Vukičević, 1970; Selvi, 2007; García-Barriuso et al., 2011). Seseli rigidum Waldst. et Kit. (Apiaceae) is a perennial 
herb that grows on very rocky soils of diverse lithology, including limestone and serpentine (weak indicator/indifferent). 
The range of S. rigidum includes the Balkans and Ukraine (Nikolić, 1973; Dudić et al., 2007).
COLLECTION LOCATIONS
Collection locations included Brđani Gorge (BR), Ravnik (RA), Đetinja River Gorge (DJ), and Ovčar Banja (OB) 
in Serbia (Tab. I, Fig. 1). BR, RA, and DJ are underlain by serpentine. OB is underlain by limestone. 
Serpentine soil of the BR site is shallow (< 10 cm) and very rocky. Large boulders and rock outcrops are distributed 
across the slope. Dominant vegetation of the site is grassland. H. sendtneri and S. rigidum grow around the boulders and 
rock outcrops. C. marantae grows in crevices within the rock outcrops. Serpentine soil of the RA site is shallow with 
abundant organic debris from Pinus sylvestris trees that form the forest vegetation. Clumps of H. sendtneri grow on the 
forest floor. Serpentine substrate of the DJ site is primarily talus. C. marantae grows in dense, but dispersed clumps on 
the talus. The OB site limestone habitat is bounded by a highway on one side and vertical cliff on the other. S. rigidum 
grows scattered at the bottom of the cliff. 
TABLE I
Collection location substrate, location coordinates, altitude, aspect, and slope
Nr. Collection location Substrate
Location coordinates Altitude Aspect
Latitude Longitude meters direction slope °
1 Brđani Gorge (BR) serpentine 43°59’22.1” 20°25’34.2” 383 SW 45
2 Ravnik (RA) serpentine 43°51’39.5” 19°35’4.7” 616 S-SW 30
3 Đetinja River Gorge (DJ) serpentine 43°51’22.9” 19°35’40.1” 600 E-SE 65
4 Ovčar Banja (OB) limestone 43°54’0.8” 20°11’47.6” 294 NW 70
Figure 1.— Serbia (L); Distribution of serpentine (black) in Serbia (M); Collection locations 1 to 4 (R) 
(see Table I for details).
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PLANT TISSuE COLLECTION AND ANALYSIS
Samples were collected in 2011. Roots, stems and leaves were sampled from five different individuals of 
H. sendtneri growing on serpentine at both BR and RA. Rhizomes and fronds were sampled from five different individuals 
of C. marantae growing on serpentine at both BR and DJ. The fronds of C. marantae were separated into stipes and leaves. 
Roots, stems, and leaves were sampled from five different individuals of S. rigidum growing on serpentine at BR and 
growing on limestone at OB. There was at least 10 meters distance between each individual plant collected.
All plant samples were thoroughly washed with distilled water, air dried, and ground to a fine powder. Samples of 
approximately 0.5 g were weighed and individually digested in glass beakers with a 2:1 mixture of HNO3 (65 % p.a. 
Carlo Erba Reagents, Italy) and H2O2 (30 % p.a. VWR International, USA). Plant tissue digests were then diluted with 
double distilled water to 50 ml. Plant digests were analysed for Ca, Mg, Al, Mn, Fe, Ni, Cu, and Zn with Inductively 
Coupled Plasma Optical Emission Spectrometer (ICP-OES; Spectroflame, Germany).
SOIL SAMPLING AND ANALYSIS 
For three of the five plant tissue sample collections per species, a soil sample was collected from within the rooting 
zone of the plant (10 cm depth; 2 L. of soil). Soil samples were air dried and sieved to < 2 mm. Soil pH was determined 
in 1:5 (v/v) suspension of soil in 1 M KCl with a glass electrode (ISO 10390:1994). Bioavailable metals are extracted 
from 1 g of oven-dried (105 °C) soil, through sequential extraction of Zeien and Brümmer (1989) (Kaupenjohann & 
Wilcke, 1995; Al-Najar et al., 2003; Ratuzny et al., 2009; Grawunder et al., 2009). This method extracts metals bound to 
soil with different strengths. The first four fractions are regarded as bioavailable. The first fraction represents free metals 
in soil solution (extracted with 1 M NH4NO3), the second fraction includes extracted metals that were adsorbed to the 
cation exchange complex (extracted with 1 M CH3COONH4 and 1 M NH4NO3), the third fraction includes extracted 
metals that were bound to Mn-oxides (extracted with 0.1 M NH2OH·HCl + 1 M CH3COONH4; pH 6), and the fourth 
fraction includes metals that were bound to organic matter (extracted with 0.025 M NH4-EDTA; pH 4.6). Extracts were 
analysed with an ICP-OES for Ca, Mg, Al, Mn, Fe, Ni, Cu, and Zn. 
DATA ANALYSIS
Leaf element bioaccumulation factors (BF) were calculated for all three plant species as leaf elemental concentration 
divided by the mean plant-available soil element concentration (Baker et al., 1994). Significance of difference was 
tested with One-way ANOVA and individual levels of significance are indicated in the text.
RESuLTS
The pH value was mildly alkaline in limestone soil and slightly acidic in serpentine soils 
(Tab. II). Serpentine soils contained significantly higher bioavailable Mg and Ni than the 
limestone soil (F = 11.064, 15.44, respectively; p < 0.01). The limestone soil contained signi-
ficantly higher plant-available Ca, Cu, and Zn than the serpentine soils (F = 10.120, 70.117, 
16.726, respectively; p < 0.01). There was no significant difference between the limestone and 
serpentine soils for Al, Mn, and Fe (p > 0.05). Plant-available molar Mg:Ca molar ratio was 
between 0.02 and 0.15 for limestone soil and ranged from 1.2 to 6.2 for the serpentine soils. 
Ca, Al, Mn, Fe, Ni, and Cu did not vary significantly among serpentine soils (p > 0.05). Zn and 
Mg from DJ site was significantly lower than in RA (F = 5.457, 5.85, respectively; p < 0.05).
Fig. 2 and Tab. III present plant tissue element concentrations and Mg:Ca molar ratios 
and Fig. 3 presents element bioaccumulation factors. H. sendtneri had significantly lower root, 
stem, and leaf Mg:Ca molar ratio than the soil (BR: F = 52.759, RA: F = 32.115, p < 0.001) 
indicating strong, selective Ca uptake and translocation to all plant organs. C. marantae had 
significantly higher rhizome than leaf Mg concentration (BR: F = 88.515, DJ: F = 89.177, 
p < 0.001) indicating moderate Mg sequestration to rhizomes; however the species did not 
maintain a favourable leaf Mg:Ca molar ratio. S. rigidum had significantly lower leaf Mg:Ca 
molar ratio than the serpentine soil (F = 88.171, p < 0.001) indicating strong, selective Ca 
uptake and translocation to leaves when grown on the very high Mg:Ca molar ratio serpen-
tine soil. S. rigidum had significantly higher leaf Mg:Ca molar ratio than the limestone soil 
(F = 59.151, p < 0.001) indicating strong, selective Mg uptake and translocation to leaves when 
grown on the very low Mg:Ca molar ratio limestone soil. Based on bioaccumulation factors, 
in general, all species exhibited exclusion of Mn, Fe, and Ni at the root level. There was little 
regulation of the uptake and translocation of Al (BF~1). Most Al was sequestered in roots of 
C. marantae (BR: F = 17.581; DJ: F = 8.456, p < 0.01) and S. rigidum (BR: F = 31.822, OB: 
F = 6.89, p < 0.05). In general, there was uptake and translocation to leaves of Cu and Zn with 
the translocation of Cu and Zn to leaves in C. marantae being quite elevated. 
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Figure 2.— Root, stem, and leaf Mg:Ca molar ratio (Mean, 95 % confidence intervals; n=5) of H. sendtneri (black), 
C. marantae (gray), and S. rigidum (white); Circle – site BR (serpentine), square – site RA (serpentine), triangle – site 
DJ (serpentine), star – site OB (limestone); Plant tissue Mg:Ca molar ratio > 1.0 is unfavourable; Mg:Ca molar ratio 
< 1.0 is favourable.
Figure 3.— Element bioaccumulation factor in leaves. Mean, 95 % confidence interval; n=5. H. sendtneri (black),  
C. marantae (gray), S. rigidum (white); Circle – site BR (serpentine), square – site RA (serpentine),  
triangle – site DJ (serpentine), star – site OB (limestone).
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DISCuSSION
Regulation of Mg and Ca uptake at the roots and translocation to stems and leaves is a 
frequently documented physiological adaptation to serpentine (Lyon et al., 1971; Shewry & 
Peterson, 1975; Wallace et al., 1982; Kruckeberg, 1984; O’Dell et al., 2006; O’Dell & Claas-
sen, 2006a, b; Alexander et al., 2007; Turner et al., 2010; O’Dell & Rajakaruna, 2011). Ca and 
Mg regulation tolerance mechanisms to cope with the high Mg:Ca molar ratio of serpentine 
soils that have been identified include: 1) selective Ca uptake at the root and translocation 
to shoot, 2) Mg exclusion at the root, and 3) Mg sequestration at the root (Lyon et al., 1971; 
Shewry & Peterson, 1975; Wallace et al., 1982; Kruckeberg, 1984; O’Dell et al., 2006; Alexan-
der et al., 2007; Turner et al., 2010; O’Dell & Rajakaruna, 2011). Physiological regulation 
of Ca and Mg allows the plant to maintain balanced tissue Mg:Ca molar ratios and adequate 
supply of both cations. 
Ca is a phloem immobile, plant-essential macronutrient (Marschner, 2002). As a result, 
the Ca demand of developing plant tissues in the shoot must be supplied by the xylem fol-
lowing uptake at the root. Root apical meristems acquire Ca directly from the surrounding soil 
(Marschner & Richter, 1974). Ca2+ and Mg2+ compete for uptake at the root. Excess of Mg 
relative to Ca can induce Ca deficiency when the plant has poor ability to selectively uptake Ca 
over Mg. Ca deficiency is manifested in shoots as deformity and necrosis of developing tissues 
including shoot apical meristem, young leaves, and fruits. Root apical necrosis is often the first 
manifestation of Ca deficiency in serpentine intolerant plants as roots cease to elongate and 
root tips become necrotic (O’Dell & Claassen, 2006a, b).
The primary role of Ca in plant tissue structural integrity is in pectin contained in cell 
walls (Marschner, 2002). The Type I cell walls found in dicotyledonous plants are pectin-rich. 
Pectin is a major component of the middle lamella, where it serves to bind cells together. 
Pectin is dependent upon Ca bridging for binding strength. When Ca supply to developing 
plant tissue is insufficient, pectin loses binding strength, cells separate, and tissues become 
deformed and susceptible to necrosis. The Type II cell wall of commelinoid monocotyledo-
nous plants (Poaceae, Cypercaeae, Juncaceae, Arecaceae) and Type III cell wall of ferns and 
other Pteridophytes (Silva et al., 2011) contain a much lower proportion of pectins and the-
refore, plant species in these groups have a lower Ca requirement (more tolerant of low soil 
Ca availability) to maintain cell wall integrity (Jarvis et al., 1988; Marschner, 2002; Broadley 
et al., 2003; Vogel, 2008; Silva et al., 2011). The much lower Ca demand of plant species 
with Type II and Type III cell walls could convey preadaptation to the low Ca availability of 
serpentine soils. 
In this study, H. sendtneri (Type I cell wall) exhibited strong, selective Ca uptake at the 
roots and translocation to stems and leaves as an evolved adaptation to serpentine soils. This 
physiological tolerance mechanism allowed H. sendtneri to maintain adequate tissue Mg:Ca 
molar ratios < 0.6 (Ca bioaccumulation factor > 5) while the serpentine soil Mg:Ca molar ratio 
was only 1.2 – 3.6. Selective Ca uptake at the roots and translocation to the shoot has also been 
documented in serpentine tolerant populations of Phacelia californica (Boraginaceae; weak 
indicator/indifferent; Type I cell wall) in California, USA (Kruckeberg, 1950). Phacelia cali-
fornica has evolved serpentine tolerant ecotypes with selective Ca uptake and translocation to 
the shoot in response to the low Ca availability of serpentine soils. 
S. rigidum (Type I cell wall) from BR exhibited a similar trait of strongly elevated Ca 
uptake at the roots and translocation to leaves (bioaccumulation factor > 5) when grown on 
serpentine (soil Mg:Ca molar ratio 2.6 – 3.5) which has a deficiency of Ca relative to Mg. Inte-
restingly, in contrast, S. rigidum from OB exhibited strongly elevated Mg uptake and transloca-
tion to leaves (bioaccumulation factor > 4) when grown on limestone (soil Mg:Ca molar ratio 
0.02 – 0.15) which has a deficiency of Mg relative to Ca. On both substrate types, S. rigidum 
was able to maintain a leaf Mg:Ca molar ratio between 0.3 and 0.7, even though the soil Mg:Ca 
molar ratio was as high as 3.5 on serpentine and as low as 0.02 on limestone. Similar results for 
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serpentine and limestone populations of S. rigidum were obtained by Dudić et al. (2007). The 
differing physiological response of the two S. rigidum populations suggests ecotypic diver-
gence into distinct serpentine tolerant and limestone tolerant ecotypes. 
C. marantae exhibited Mg sequestration to rhizomes, but did not maintain a favourable 
leaf Mg:Ca ratio (1.23 – 2.89). Pteridium aquilinum (Pteridaceae) grown on serpentine in 
Poland was also documented to not maintain a favourable leaf Mg:Ca ratio (1.36; Samecka-
Cymerman et al., 2009). Ferns contain low pectin Type III cell walls which may convey prea-
daptation to the low Ca availability of serpentine soils.
Heavy metal physiological tolerance mechanisms previously identified in serpentine tole-
rant plants include 1) metal exclusion at the root, 2) sequestration to various plant organs, and 
3) toxicity tolerance (Baker, 1987; Shaw, 1990; Alexander et al., 2007; O’Dell & Rajakaruna, 
2011). In general, all three species appeared to be excluders of Mn, Fe, and Ni. Although there 
was little regulation in the uptake and translocation of Al, the Al was generally sequestered in 
roots and rhizomes. Sequestration of heavy metals in roots is a general, common heavy metal 
tolerance mechanism (Baker, 1987; Shaw, 1990). In general, there was elevated uptake and 
translocation to leaves of Cu and Zn for all three species with the translocation of Cu and Zn 
to leaves in C. marantae being quite elevated. The leaf Cu and Zn concentrations were too 
low to qualify the species as a hyperaccumulator or to convey any other apparent evolutionary 
advantage. 
CONCLuSION
Just as the serpentine syndrome is a combination of physical and chemical stresses, plant 
serpentine tolerance is a combination of multiple morphological and physiological adaptations. 
As such, it can be difficult to identify what adaptations are primarily responsible for a plant’s 
tolerance to the environmental stresses of its habitat. This study focused on the physiologi-
cal adaptations of only three species involving a limited number of elements. Even with its 
limited scope, the study found evidence of Ca, Mg, and heavy metal uptake and translocation 
regulation as serpentine tolerance adaptations. Selective Ca uptake and translocation to the 
leaves appears to be an important serpentine tolerance adaptation in the serpentine endemic 
H. sendtneri and the serpentine tolerant ecotype of S. rigidum. Mg sequestration to roots was 
present in C. marantae, but the species may benefit more from its low pectin Type III cell walls 
and the inherent tolerance of low soil Ca availability that it conveys. Heavy metal tolerance 
mechanisms including exclusion, sequestration, and tolerance appeared to be present in all 
three species.
Physiological adaptations to extreme substrates provide a glimpse into the evolution of a 
species into edaphic ecotypes and under conducive conditions, speciation into edaphic ende-
mics (Harrison & Rajakaruna, 2011). H. sendtneri and Paramoltkia doerfleri are monotypic 
and both are strict serpentine endemics (Cecchi & Selvi, 2009). A genetic study of the two 
species and closely related taxa revealed that H. sendtneri and P. doerfleri evolved from the 
same nonserpentine ancestor. Additionally, serpentine tolerance has arisen at least three other 
times in Lithospermae (Cecchi & Selvi, 2009). The identification of S. rigidum serpentine tole-
rant (selective Ca uptake) and limestone tolerant (selective Mg uptake) ecotypes provides yet 
another model species with which to study physiological adaptation to extreme soils and the 
evolution of edaphic endemism. 
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